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ABSTRACT
Using high resolution observations from the 1.6 m New Solar Telescope (NST) operating at the Big Bear Solar Observatory (BBSO),
we report direct evidence of merging/reconnection of cool Hα loops in the chromosphere during two homologous flares (B- and
C-class) caused by a shear motion at the footpoints of two loops. The reconnection between these loops caused the formation of an
unstable flux rope which showed counterclockwise rotation. The flux rope could not reach the height of torus instability and failed
to form a coronal mass ejection. The HMI magnetograms revealed rotation of the negative/positive (N1/P2) polarity sunspots in the
opposite directions, which increased the right and left-handed twist in the magnetic structures rooted at N1/P2. Rapid photospheric
flux cancellation (duration∼20-30 min, rate≈3.44×1020 Mx h−1) was observed during and even after the first B6.0 flare and continued
until the end of the second C2.3 flare. The RHESSI X-ray sources were located at the site of the loop’s coalescence. To the best of our
knowledge, such a clear interaction of chromospheric loops along with rapid flux cancellation has not been reported before. These
high resolution observations suggest the formation of a small flux rope by a series of magnetic reconnection within chromospheric
loops associated with very rapid flux cancellation.
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1. Introduction
Flux ropes contain helical twisted field lines wrapped around
a central axis and are considered an integral part of a coronal
mass ejection (CME) (Rust & Kumar 1996; Chen 2011). The
flux ropes are recognized as a magnetic cloud in the interplan-
etary medium which generally exhibit strong magnetic field,
low plasma beta, and smooth rotation of magnetic field vector
(Bθ) at 1 AU (Burlaga et al. 1982; Marubashi 1986; Bothmer &
Schwenn 1998; Yurchyshyn et al. 2001). These flux ropes (with
a strong southward magnetic field component) can produce se-
vere geomagnetic storms by interacting with Earth’s magneto-
sphere. Therefore, the study of the flux rope formation/eruption
is important for the space weather point of view (Srivastava &
Venkatakrishnan 2004; Gopalswamy et al. 2005; Kumar et al.
2011a).
The formation of erupting flux ropes on the Sun is not very
well understood. The presence of a flux rope before or during
an eruption is a crucial condition for CME initiation models.
Some CME initiation models (e.g., emerging flux model: Chen
& Shibata 2000, MHD kink instability models: Fan & Gibson
2004; Kliem et al. 2004; To¨ro¨k & Kliem 2005) assume a pre-
existing twisted flux rope before the eruption, whereas in other
models (e.g., tether cutting model: Moore et al. 2001, breakout
models: Antiochos 1998; Karpen et al. 2012) the flux rope is
formed (during the eruption) in the corona by a series of mag-
netic reconnection within an arcade of loops. The forward S-or
inverse S shaped sigmoids are generally observed in the X-ray
images of active regions (ARs), which may be the manifestation
of kink unstable flux ropes (Canfield et al. 1999; Rust & Kumar
1996; Kliem et al. 2004; Gibson et al. 2006). According to the
flux rope model of the prominence/filament (van Ballegooijen
& Martens 1989), a series of magnetic reconnections between
the sheared arcade of loops at the polarity inversion line (PIL)
driven by photospheric converging motions leads to the forma-
tion of a helical flux rope before it erupts. Other models create
a flux rope during the eruption process utilizing multiple recon-
nections of the arcade loops during a two-ribbon flare leaving
behind a post-eruptive arcade (Gosling et al. 1995; Longcope &
Beveridge 2007). An alternative assumption is that the flux rope
is emerged from below the photosphere and was already twisted
in the convection zone (Rust & Kumar 1994; McKaig 2001).
The three part structure of a CME includes a frontal
loop/leading edge, a dark cavity, and a bright core region (fil-
ament/prominence material). The cavity region of a CME is as-
sumed to be a flux rope (Ba¸k-Ste¸s´licka et al. 2013). According
to the flux rope model (Priest et al. 1989) of a solar prominence,
the filament cool material is supported in the lower portion of
the helical field lines. The circular features within the CMEs ob-
served by coronagraphs are considered to be a helical flux rope
structure (Vourlidas et al. 2013; Vourlidas 2014). The interplane-
tary scintillation images (density) also show the evolution of the
large-scale CME flux ropes in the interplanetary medium (50-
250 Rs) (Manoharan 2010).
There are a number of observational reports on the activation
of a helical flux rope associated with kink instability. For exam-
ple, helical field lines with 3-4 turns have been reported dur-
ing a kink unstable prominence eruption (Gary & Moore 2004;
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Kumar et al. 2012). Also, using multiwavelength observations
(Hinode/SOT, TRACE), Srivastava et al. (2010) and Kumar et al.
(2010) provided evidence of a helical kinked flux tube (3-4 turns)
that triggered multiple B- and M-class flares associated with a
failed eruption. Kumar et al. (2011b) reported a failed flux rope
eruption observed not only in the STEREO and TRACE EUV
cool channels but also in the XRT hot channel, which suggest
that multi-temperature plasma may be contained within a flux
rope. Recently, SDO/AIA observations revealed high tempera-
ture flux ropes visible in 131 and 94 Å channels (Cheng et al.
2011; Zhang et al. 2012; Kumar & Innes 2013). However, the
above reports did not discuss the formation mechanism of the
flux ropes mostly due to lack of photospheric magnetograms
and/or high-resolution chromospheric observations.
Using high resolution Hinode/SOT images, Okamoto et al.
(2008) presented evidence for the emergence of a helical flux
rope from below a pre-existing prominence. Green & Kliem
(2009) and Green et al. (2011) suggested the formation of a S-
shaped flux rope via flux cancellation at the PIL. Liu et al. (2010)
showed evidence of tether-cutting reconnection between two op-
posite J-shaped coronal loops that formed a continuous S-shaped
flux rope. Recently, Kumar & Cho (2014) reported reconnec-
tion signatures above a small kinked filament and formation of a
twisted hot flux rope observed in the AIA 131, 94 Å, and XRT
images during magnetic reconnection. These observations show
the formation of coronal flux ropes.
There are several mechanisms capable of triggering and driv-
ing the flux rope eruption. The flux rope eruption can be trig-
gered either by a reconnection process (e.g., associated with
tether-cutting or an emerging flux) or by an MHD instability
(i.e., kink instability if the twist angle ≥2.49pi, Hood & Priest
1981; Einaudi & van Hoven 1983),which may cause it to at-
tain a certain height within an AR. Further, the successful erup-
tion largely depends on the onset of the torus instability (Kliem
& To¨ro¨k 2006; Olmedo & Zhang 2010; Aulanier et al. 2010),
which is defined by the rate of decrease of the overlying mag-
netic field with height (i.e, decay index≥1.5 (Kliem & To¨ro¨k
2006)).
The high resolution observations from the NST are ex-
tremely useful to investigate the issues related to the flux rope
formation/eruption from the photosphere to chromosphere. A re-
cent study utilizing NST data along with a NLFFF modeling re-
vealed a pre-existing small flux rope in the Hα chromosphere
that became unstable most likely due to the onset of a kink insta-
bility (Wang et al. 2015). Alternatively, Kumar et al. (2015) pro-
vided evidence of reconnection (inflows) between cool chromo-
spheric sheared loops and the associated appearance/formation
of a S-shaped twisted flux rope presumably as a result of mag-
netic reconnection. In addition, Yurchyshyn et al. (2015) re-
ported an in-situ formation of a flux rope by multiple reconnec-
tions starting from the low chromosphere to the corona. The flux
rope was observed as a circular shape (axial view) in the hot AIA
channels (131 and 94 Å) and LASCO C2 coronagraph images.
In this paper, we mainly focus on the interac-
tion/reconnection between Hα loops, the flux rope formation,
and its dynamics in the chromosphere and corona during two
small homologous flares (B6.0 and C2.3) that occurred in AR
NOAA 12353 on 23 May 2015. During both flare, we detected
the presence of oscillatory reconnection in X-ray/EUV chan-
nels. A small flux rope was observed in high-resolution NST
Hα images allowing us to resolve the dynamics of small-scale
chromospheric loops not otherwise detectable in the AIA data.
We utilized SDO/AIA images and HMI magnetograms to
B6.0
C2.3
6-12 keV
12-25 keV
6-12 keV
(a)
(b)
1-8 Å
Fig. 1. (a) GOES soft X-ray flux profile in 1-8 Å channel. (b)
RHESSI X-ray flux in the 6-12 keV (black) and 12-25 (blue)
keV channels. The Fermi GBM X-ray flux in the 6-12 keV (red)
is also included. The vertical dashed lines indicate the interval
of the B6.0 and C2.3 flare.
investigate the structure and dynamics of the large-scale coronal
magnetic field configuration (e.g., loops connectivity) and the
associated photospheric field changes before and during the
flare. RHESSI hard X-ray images are used to locate the particle
transportation/precipitation site during the flares. In Section 2,
we present the observations and the results. In the last section,
we summarize and discuss our findings.
2. OBSERVATIONS AND RESULTS
The NST images used in this study were captured with the help
of the 308 sub-aperture adaptive optics (AO-308) system. We
used a series of narrow-band Hα (6563 Å) images taken at ±0.8
Å , ±0.4 Å , and 0.0 Å from the line center with the NST’s
Visible Imaging Spectrometer (VIS, pixel size of 0.029′′). The
VIS combines a 5 Å interference filter with a Fabry-Pe´rot etalon
to produce a resulting bandpass of 0.07 Å over a 70′′×70′′ field
of view. A Series of broadband (10 Å) images of the photosphere
were acquired with a TiO filter (7057 Å, pixel scale of 0.0375′′)
to study the evolution of the fine photospheric structures associ-
ated with flux emergence and cancellation.
The Atmospheric Image Assembly (AIA; Lemen et al. 2012)
onboard the Solar Dynamics Observatory (SDO; Pesnell et al.
2012) acquires full-disk images of the Sun (field of view ∼1.3
R) with a spatial resolution of 1.5′′ (0.6′′ pixel−1) and a cadence
of 12 sec in 10 extreme ultraviolet (EUV) and UV channels.
This study utilizes 171 Å Fe IX, T ≈0.7 MK), 131 Å (Fe VIII,
Fe XXI, Fe XXIII, i.e., 0.4, 10, 16 MK), 304 Å (He II, T≈0.05
MK) and 1600 Å (C IV + continuum, T ≈0.1 MK & 5000 K)
images. We also used Heliospheric and Magnetic Imager (HMI)
2
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(a)
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(b)
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Fig. 2. (a,b) AIA 171 and 304 Å images before the onset of the first flare (B6.0). These images are overlaid by the HMI magnetogram
contours of positive (white) and negative (black) polarities. The contour levels are ±500, ±1000, ±1500 Gauss. The rectangular
(white) box indicates the size of the middle/bottom panels. P1 and N1 are positive and negative polarity sunspots. (c,d) AIA 171
and 1600 Å images showing the preflare brightening between N1 and P1. (e-h) The heated loop was observed in the cool (304, 171,
and 1600 Å) and hot (AIA 131 Å) channels. S1 indicates the slice cut (over the footpoint of the loop) used to create the stack plot.
The arrow-head shows the direction of the slice. The x- and y axes are labeled in arcsecs. The evolution of this flare is shown in an
animation (i.e., AIA 304, 171, and 131 Å, bottom panels) available in the online edition.
magnetograms (Schou et al. 2012) to investigate the magnetic
field evolution before and during the flares.
We also used the Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002) data to investi-
gate the particle acceleration/precipitation sites during the flares.
The CLEAN algorithm was used for the image reconstruction
with the integration time of 30 s.
AR NOAA 12353 of βγ magnetic configuration was located
near the disk center (N07W17) on 23 May 2015. We focus on
two homologous flares that occurred at the same site within the
AR and the associated reconnection events that formed a twisted
flux rope. Figure 1(a) displays the GOES soft X-ray flux pro-
file obtained in the 1-8 Å channel. The bottom panel of Figure
1(b) shows RHESSI X-ray flux in the 6-12 keV (black) and 12-
25 keV (blue) channels. The RHESSI did not observe the third
peak of the second flare, therefore we overplotted Fermi GBM
(Gamma Ray Burst Monitor; Meegan et al. 2009) X-ray flux
profile (6-12 keV, red color) in the same panel. The first B6.0
flare started at ∼16:50 UT, peaked at ∼16:53 UT, and ended
at ∼17:10 UT. Note that there was another short duration B-
class flare during 16:50-16:55 UT interval that occurred in an
AR NOAA 12349 (S21W34). That flare contaminated the first
3
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Fig. 3. Peak temperature and emission measure of the loop during the flare maximum (16:58:08 UT) derived from the near simulta-
neous AIA images in six channels. The loop contains multi-temperature plasma.
(a)
6-12 keV
12-25 keV
(b) (c)
F1
F2
Fig. 4. RHESSI X-ray image contours (red: 6-12 keV, blue: 12-25 keV) overlaid on the HMI magnetogram, AIA 1600, and 131
Å images during the B6.0 flare. The contour levels are 85% and 95% of the peak intensity. F1 and F2 are the footpoints of the
heated loop. The x- and y axes are labeled in arcsecs.
(a)
(b)
RHESSI 6-12 keV
AIA 1600 Å
AIA 304 Å S1
Fig. 5. (a) Stack plot along slice S1 (marked in Figure 2(g)) using
AIA 304 Å running difference images. (b) AIA 1600 Å mean
counts extracted within a box region shown in Figure 2(e). The
blue curve is the RHESSI X-ray flux in 6-12 keV channel.
peak of the B6.0 X-ray burst. The best way to exclude the con-
tribution from the other AR is to plot the EUV flux profile of the
studied AR in order to show the periodic behaviour of the first
B6.0 flare (please see next section). The second C2.3 flare started
at ∼17:30 UT, peaked at ∼17:39 UT, and ended at ∼17:45 UT.
Interestingly, in both soft (6-12 keV) and hard (12-25 keV) X-
ray time profiles we detected oscillatory behaviour during both
flares.
2.1. The First B6.0 flare
Figure 2(a,b) displays the AIA 171 and 304 Å images of the
AR overplotted with the HMI magnetogram contours of pos-
itive (white) and negative (black) polarities. In the AIA 171
Å image, there are a set of overlying coronal loops (above the
flare site) connecting opposite polarities of the AR. The AIA
304 Å image shows the connectivity of the dark/cool chromo-
spheric/transition region loops (indicated by arrows). We do not
see any pre-existing filament lying along the polarity inversion
line (PIL). Therefore, the dark structures are mentioned as a sys-
tem of cool loops connecting opposite polarity fields. Cool loops
are also seen at this location in the high-resolution NST Hα im-
ages (Figure 6). Figure 2(c-h) shows the zoomed in area outlined
by the rectangular box in the panel (a)) as it appears in the AIA
171, 1600, 304, and 131 Å channels. The initial brightening
occurred at ∼16:49-16:50 UT between N1 and P1 and a loop-
like structure appeared at ∼16:58 UT in cool (1600, 171, and
4
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Fig. 6. (a) NST TiO (7057 Å ) image overlaid by HMI magnetogram contours of positive (white) and negative (black) polarities.
The contour levels are ±200 and ±500 Gauss. (b-d) NST Hα+0.8 Å and Hα line center images showing two loop system (L1 and
L2) and their connectivity (marked by + and - signs). The size of each image (a-d) is ∼50′′×35′′. Each division on the x- and y axes
is equal to 1′′.
304 Å) and hot (131 Å) AIA channels, which suggests a wide
range of plasma temperatures (∼0.1-10 MK) within the loop.
The bottom panels show few dark threads (marked by arrow)
in the loop, which indicates the existence of cool chromospheric
plasma within the loop.
To determine the plasma temperature (T) and emission mea-
sure (EM) of the loop, we created the peak temperature and EM
maps using an automatic differential emission measure (DEM)
code developed by Aschwanden et al. (2013). This code utilizes
six channels of near simultaneous AIA images (171, 304, 193,
211, 131, 94 Å) to derive the peak T and EM. We used six-
channel AIA images taken at ∼16:58:08 UT. The peak T and
EM map (Figure 3) confirm that the bright loop contains a multi-
temperature plasma. We observed ∼10 MK plasma near both the
footpoints of the loop, while the middle section of the loop con-
tained cool plasma (≤1 MK). AIA 304 and 171 Å images did not
show the hot portion (∼10 MK) at the end of the loop, whereas
the 131 Å shows it (see Figure 2(f,g,h)). This indirectly sug-
gests the existence of ∼10 MK plasma at the opposite end of the
heated loop (marked by a circle in Figure 2(h)). The EM map
also reveals high EM near the ends of the loop and low EM in
the middle.
To investigate the particle acceleration/precipitation sites
during the flare, we overlaid RHESSI X-ray 6-12 keV (red) and
12-25 keV (blue) contours (16:56:00-16:56:30 UT) and on the
top of an HMI magnetogram, AIA 1600, and 131 Å images
(Figure 4). We reconstructed RHESSI X-ray images in the 6-12
keV and 12-25 keV using the CLEAN algorithm with 30-s inte-
gration time. The contour levels are at 85% and 95% of the peak
intensity. Interestingly, the X-ray sources were co-spatial with
sunspots N1 and P1, where the initial brightening in the AIA
channels was detected. The AIA 131 and 1600 Å images show
the sources location at the footpoint (F1) of the heated loop. We
do not see any X-ray source at the opposite footpoint (F2) of the
loop. The energy release site is basically between N1 and P1.
The initial brightening and the location of the X-ray sources
at the footpoint F1 suggest that the magnetic reconnection most
likely occurred at the same location between the opposite polar-
ity sunspots (N1 and P1). It is likely that a portion of the acceler-
ated electrons produced during the reconnection (above F1) were
injected into the loop and then precipitated at the remote foot-
point F2, which caused chromospheric evaporation and heating
of the footpoints of the loop up to ∼10 MK temperatures.
2.2. Oscillatory behaviour in X-ray and EUV flux profiles
The periodic variations of the X-ray flux in 6-12 keV energy
range during the B6.0 flare indicate periodic release of energy
with five distinct cycles. To determine the source of the oscilla-
tion, we created a time-distance plot (Figure 5 (a)) using the AIA
304 Å images (running-difference) along the slice S1 shown in
Figure 2(g). The AIA 304 Å channel images show the chro-
mosphere and the transition region. The location of the slice
was chosen to be just above the sunspots P1. The slice crosses
5
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(a)
H-0.8 Å/17:29:35 UT H-0.8 Å/17:32:11 UT
(b)
L1
L2
H-0.4 Å/17:32:16 UT
L1
L2
flare
(c) (d)
rotation H-0.8 Å/17:33:40 UT
(e)
H/17:45:19 UT
flux rope
(f)
flux rope
H-0.8 Å/17:45:23 UT
+
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P1
N1
Fig. 7. (a-d) NST Hα-0.8 Å, Hα-0.4 Å, and Hα line center images showing the interaction of two loop system (L1 and L2) and
associated C-class flare. The size of each image (a-d) is ∼50′′×35′′. (e-f) NST Hα line center and Hα-0.8 Å images showing the
flux rope produced by the interaction of cool loops. The size of each image (e-f) is ∼57′′×45′′. Each division on the x- and y axes is
equal to 1′′. The coalescence of loops (L1 and L2) and formation of a resulting flux rope is shown in the Hα line center (panel(e))
and Hα-0.8 Å (panels(a,b,d,f)) animations available in the online edition.
the footpoint F1 and the initial brightening site. The stack plot
shows repeated brightenings occurring along S1 with total five
clear brightening features. These periodic brightenings are the
result of repetitive magnetic reconnection between N1 and P1.
These periodic disturbances can be interpreted by reconnection
generated outflows.
To check the upper photospheric (T=5000 K)/transition re-
gion (T=0.1 MK) responses of oscillatory energy release, we
also selected a small region (Figure 2(e)) that includes the
sunspot P1 and N1 in AIA 1600 Å intensity images and ex-
tracted the mean counts within it. Figure 5(b) shows five AIA
1600 Å peaks during the flare. Note that the AIA 1600 Å plot
shows the intensity oscillation (during the flare) over the sunspot
region. These intensity oscillations are likely to be the result of
oscillatory reconnection at F1 during the B6.0 flare.
As we mentioned earlier, during the first X-ray peak of the
B6.0 flare (16:51-16:54 UT), there was a B-class flare that oc-
curred in a different AR. The time-distance plot shows that the
first burst in the 6-12 keV flux has as well contribution from the
studied B6.0 flare. Also, we can see simultaneous ∼3 minute os-
6
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(a)
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S2
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(e) (f)
S4S5
Fig. 8. (a) AIA 171 Å image with HMI magnetogram contours of positive (white) and negative (black) polarities. The contour
levels are ±200 and ±500 Gauss. (b-c) RHESSI X-ray contours (red: 6-12 keV, blue: 12-25 keV) overlaid on the AIA 304 and 1600
Å images. The contour levels are 85% and 95% of the peak intensity. (d-f) Observation of the flux rope in different AIA channels
(304, 171, and 131 Å). S2, S3, S4, and S5 are the slices used to create the stack plots. F1 and F2 are the new footpoints of the
flux rope. The oscillatory reconnection and associated flux rope formation with counterclockwise rotation is shown by a composite
movie (AIA 171, 304, and 131 Å, bottom panels) available in the online edition.
cillation in the AIA 1600 Å and 304 Å channels. The periodic
brightenings above spots P1 and N1 strongly indicate the occur-
rence of repeated reconnections at the F1 footpoint of the heated
loop. We also plotted the RHESSI 6-12 keV flux (blue curve)
along with the AIA 1600 mean counts, which shows a good cor-
relation between X-ray and EUV periodic energy release.
2.3. Second C2.3 flare: merging of cool loops in the
chromosphere and the flux rope formation
To investigate the characteristics of the magnetic structure at the
flare site, we utilized high resolution NST TiO and VIS images
taken before and during the C2.3 flare. The first B6.0 flare was
not observed by the NST. The AIA resolution (0.6′′ per pixel)
is not sufficient to resolve the smallest-scale chromospheric
fine structures, therefore, the NST observations (0.029′′ per
pixel) are extremely useful for that purpose. In Figure 6(a), we
show a photospheric TiO image before the flare onset (17:16:05
UT) overlaid with HMI magnetic field contours of the positive
(white) and negative (black) polarities. The positive and nega-
tive polarity sunspots are indicated by P1, P2, P3, N1, N2, and
N3. The initial AIA flare brightening (see Figure 2(d)) was ob-
served between N1 and P1. The negative polarity sunspot, N1,
had an elongated shape. The Hα red wing image (Hα+0.8 Å,
6(b)) shows two system of loops (17:15:33 UT) at the flare site:
loop L1 (red) connecting P3 and N1, and loop L2 (blue) span-
ning between P1 and N3. Both loops are highlighted with red
and blue dotted lines, and their footpoints polarities are indicated
by “+” and “-” signs. The co-temporal Hα line center image
(6(c)) of the same region shows multiple chromospheric loops
marked by 1, 2, and 3. Note that the loop 1 is the same as loop L1
whereas loops 2 and 3 connect different element of positive flux
(P2) in the photosphere. However, loop L2 has a single struc-
ture. After some time (17:23:08 UT, 6(d)), we observed the dis-
appearance of the higher loop, 1, and merging of loops 2 and 3
into a single structure marked as L1. The eastern footpoint of the
merged loop L1 in Figure 6(d) is now connected to P2, which is
different from L1 as shown in 6(b). So finally we have two loop
system in the chromosphere (L1 and L2) before the onset of the
C2.3 flare.
Figure 7 displays a series of Hα line center, Hα-0.4 Å and
Hα-0.8 Å flare images. During the initiation of the C2.3 flare,
the initial brightening occurred at 17:29:35 UT at the footpoints
of the penumbral filaments between P1 and N1 along with the
activation of a cool loop L2 (blue dotted line). This is the similar
loop L2 as shown in Figure 6. The loop was present before the
trigger of the C2.3 flare. The right footpoint of the loop L2 was
anchored in the negative polarity sunspot N3, while its left foot-
point was anchored in a positive polarity fields between N1 and
P1.
A clear interaction between two loops L2 (blue) and L1 (red)
can be observed starting at 17:32:11 UT as evidenced by a chro-
mospheric flare brightening seen between the interacting loops
(Figure 7(b,c)). In addition, we also noted the counterclockwise
rotation of the chromospheric loop structures above the positive
polarity sunspot P2 (marked by a yellow arrow in Figure 7(d)).
The viewing direction is toward the positive footpoint of the flux
rope. In addition, we also observe the counterclockwise rotation
of P2 in NST TiO (photospheric) movie. Therefore, it is likely
7
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AIA 304 Å/S2(a)
(b)
(c)
(d)
6-12 keV
S3
AIA   131 Å/S4
S5
20 k
m/s
52
 km
/s
72 km/s
Fig. 9. Stack plots along the slices S2, S3, S4, and S5 using AIA
304 and 131 images. The Fermi GBM X-ray flux in 6-12 keV
channel is also included in panel (c). The periodic rise of mul-
tiple reconnected loops is shown within a dashed ellipse (panel
(d)). The co-temporal X-ray bursts (panel (c)) and strong chro-
mospheric brightening in the AIA 304 Å channel (panel (b)) in-
dicate the particle acceleration/precipitation during the periodic
rise of reconnecting loops.
that the rotation of P2 can increase the twist of the left-handed
flux rope.
The loop L2 seems to display left-handed twisted threads,
whereas loop L1 was smaller and seemed to have a potential
field structure. After merging of loops L1 and L2, we see a com-
bined twisted flux rope structure (at ∼17:45 UT). The interaction
between L1 and L2 that continued for about 15 min to produce
a single merged flux rope with rotation in the counter-clockwise
direction. The direction of the loop threads (marked by yellow
dotted line) suggests that the flux rope has as well the left-handed
twist. The counterclockwise rotation corresponds to an increas-
ing the left-handed twist in the rope. The high resolution NST
images allowed us to observe for the first time details of a loop-
loop interaction in the chromosphere.
In Figure 8, we show the C2.3 flare brightening and the flux
rope structure in the AIA channels. The AIA 171 Å image (over-
laid by HMI magnetogram contours) just before the flare onset
(at 17:29:59 UT) shows the connectivity of the overlying loops
at the flare site (Figure 8(a)). It is obvious that there were sev-
eral overlying loops at different heights. At least, two sets of
loops were clearly observed, (i.e., low lying and higher loops).
AIA 304 and 1600 Å images at ∼17:33 UT clearly revealed the
appearance of a hot loop with the onset of the impulsive bright-
ening at the footpoint F1 (Figure 8(b,c)). The enlarged view of
the interacting loops L1 and L2 has been already discussed with
the help of the NST Hα images. The RHESSI X-ray image show
a single X-ray sources (red: 6-12 keV, blue: 12-25 keV) located
over the left footpoint of the loop L2, exactly between the in-
teracting loops L1 and L2 (Figure 8 (b,c)). The location of the
sources suggest the particle acceleration/precipitation site to be
between N1 and P1 sunspots (i.e., as a result of reconnection be-
tween L1 and L2). The RHESSI X-ray movie does not show any
shift of the X-ray source during the C2.3 flare energy release,
suggesting a stationary particle precipitation site.
The AIA composite movie clearly shows the dynamics of the
flux rope with its counterclockwise rotation. We see a resulting
merged flux rope structure during 17:43-17:44 UT (Figure 8(d-
f)). The left-handed strands are observed in the flux rope struc-
ture (see AIA 304 Å image). The flux rope could not escape
from the overlying arcade loops (i.e., no removal of the over-
lying field) and the flux rope plasma drained back to the solar
surface after the counterclockwise rotation.
To study the dynamics/kinematics of the flux rope along with
the signatures of magnetic reconnection, we analyse AIA 304,
171, 131, and 1600 Å images during the C2.3 flare (17:30-17:45
UT). Figure 9 displays the stack plots created along the slices S2,
S3, S4, and S5 marked on the AIA 304 and 131 Å images. The
slices S2 and S4 are across the flux rope and showing the two
rise phases, (i) slow rise with ∼20 km s−1 during 17:30-17:36 UT
and (ii) a fast-rise with 52 km s−1 during 17:36-17:41 UT. The
flux rope showed rotation in its positive footpoint area and could
not go further after reaching a projected height of ∼30 Mm. We
included Fermi GBM 6-12 keV X-ray flux in order to compare
the flux rope dynamics along with the particle acceleration (X-
ray bursts). We see the first energy-release/burst (17:30-17:35
UT) during the interaction of L1 and L2 in the chromosphere
as seen in the NST Hα images. During the interaction time, re-
sulting flux rope rises slowly with ∼20 km s−1. Later, we see
multiple X-ray bursts with fast-rise of the rope and strong chro-
mospheric brightenings below the flux rope during 17:36-17:41
UT. Interestingly, we see multiple loops/brightening patches (in
the AIA 131 Å channel, marked within ellipse) moving above
the reconnection site (i.e., below the flux rope) suggesting the
occurrence of oscillatory reconnection generated outflows. The
fast-rise of the flux rope correlates with the quasi-periodic vari-
ation in the X-ray flux (17:36-17:41 UT), which suggests the
quasi-periodic reconnection among the loops during the expan-
sion of the the flux rope. We also see the counterclockwise mo-
tion (∼72 km s−1) of the chrmospheric structure (or loops) rooted
in P2 that merged with the new footpoint of the flux rope.
The comparison of the RHESSI X-ray sources location with
the periodic brightening site (within ellipse) observed in the AIA
131 Å channel (Figure 9(d)) suggests the occurrence of oscil-
latory reconnection (above the sunspots P1 and N1) during the
interaction of the cool loops L1 and L2. AIA 304, 171, and 131
Å composite movie shows the initial brightening between L1
and L2, followed by expansion of the rope and associated bright-
ening toward eastern side. In addition, the outflows observed in
the AIA 131 Å channel are quasi-periodic as well and the period
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of oscillation (∼0.5-1 min) is different from the preceding B6.0
flare.
2.4. Magnetic field evolution
Figure 10(a) displays the complete view of the active region
NOAA 12353 and the first brightening starts within the box re-
gion (red) between N1 and P1. To check the flux emergence or
cancellation during the flare, we analysed HMI magnetograms
for the interval of 16:30 UT to 18:30 UT. The HMI movie
shows the shearing motions and rotation of the negative polar-
ity sunspot (N1) that continuously moved southward and pushed
the positive polarity region (P1). Interestingly, the HMI movie
also shows rapid cancellation of both negative and positive flux
during the loop’s coalescence.
In order to quantify the flux cancellation, we extracted posi-
tive, negative, and total magnetic fluxes within a rectangular box
region that encloses the flare site. Figure 10(b) shows the positive
(red), absolute negative (blue), and total (black) magnetic flux
profiles. GOES soft X-ray flux profile in the 1-8 Å channel is
also included (bottom panel) to compare the timing of the flares.
The rapid flux cancellation of both polarities started during the
B6.0 flare and continued until the end of the C2.3 flare. The
rapid cancellation of negative/total flux proceeded even when
there was no flares in progress (∼17:08-17:28 UT), when loops
(marked by 1, 2, 3) merged in the NST Hα images (Figure 6).
The positive flux cancellation was not as large as the negative
flux cancellation. The negative flux changed from ∼3.7×1020 Mx
to ∼2.7×1020 Mx (∼27% decrease). The positive flux decreased
only by 5% from ∼1.25×1021 Mx to ∼1.20×1021 Mx. The to-
tal unsigned flux changed from ∼1.62×1021 Mx to ∼1.47×1021
Mx. After the flare, the magnetic flux changes were nearly neg-
ligible. To estimate the flux cancellation rate, we performed lin-
ear fit to the time profiles of magnetic fluxes between 17:18 UT
and 17:42 UT and calculated the slopes. The estimated total un-
signed, positive, and negative flux cancellation rates are compa-
rable and equal to 3.44×1020 Mx h−1, 1.57×1020 Mx h−1, and
1.86×1020 Mx h−1, respectively.
The evolution of the magnetic field before, during, and af-
ter the flare is shown in selected magnetograms (Figure 10(c-f)).
The detachment of the tail of the tadpole-like negative sunspot
N1 (blue rectangle, marked by arrow) is a result of flux cancella-
tion during the flare. The motion of the negative polarity sunspot
N1 and its cancellation with the ambient positive polarity region
P1 (red arrow) is clearly observed.
To investigate the details of the morphological changes in
the photospheric magnetic structures during the flares, we used
NST TiO (7055 Å) images. Figure 11 displays the co-temporal
HMI magnetograms contour over the TiO Images at the start
time (17:30:05 UT) and after the flare (17:50:07 UT). The can-
cellation of N1 and P1 is seen clearly. Initially N1 had a tail
structure and we see the disappearance of the tail during the flare.
Interestingly, we also observed the shrinkage of N1 (in the TiO
movie) during the flare. The magnetogram contours of N1 over
TiO images also show the reduced umbral area (i.e., collapse) of
the spot N1. Furthermore, we see cancellation of an elongated
structure in P1 which is marked by the red arrow.
Figure 12(a) displays the potential field extrapolation of the
active region using the HMI magnetogram (at 16:48:38 UT) be-
fore the flare trigger. The closed field lines are shown in blue
color whereas the open field lines in white color. We can see the
bunches of overlying field lines above the flare site. The connec-
tivity of the field lines between P1, N3 and P2, N1 is very similar
to the loops as observed in the Hα and EUV images.
To check the variation of the horizontal component of the
overlying magnetic field with respect to height, we estimated
the decay index n=-d(logBh)/d(logH), where Bh is the horizon-
tal magnetic field strength and H is the height above the solar
surface. We calculated the mean value of Bh above the PIL be-
tween N1 and P1 (marked in Figure 10(a)). Figure 12(b) dis-
plays the decay index vs. height above the PIL. According to
the torus instability criteria (Kliem & To¨ro¨k 2006; Olmedo &
Zhang 2010), the threshold value of the decay index should be
≥1.5. We can see that the threshold value of the decay index (1.5)
can be achieved at the height of ∼120 Mm. Therefore, the flux
rope should attain this height for a successful eruption. In addi-
tion, the AIA 304 Å stack plot (Figure 9) reveals that the flux
rope attains a height (projected) of about 25-30 Mm. The flux
rope is most likely stopped by the strong overlying field of the
active region and could not satisfied the condition for the torus
instability, which result in the failed eruption.
3. SUMMARY AND DISCUSSION
We presented high resolution multiwavelength observations of
two homologous flares, accompanied by an oscillatory energy
release and formation/disruption of a flux rope. The main results
of this study are summarized below:
We observed interaction and reconnection of cool chromo-
spheric Hα loops. The loop’s interaction (merging of the loops)
was associated with the formation of a left-handed flux rope
along with a rapid photospheric flux cancellation observed by
the HMI. The flux rope showed rotation in the counterclock-
wise direction and it failed to erupt due to the presence of strong
overlying fields. We present the following evidence of reconnec-
tion at the footoint F1: (i) clear interaction between the loops
L1 and L2 seen in the high-resolution NST images. L2 starts to
activate/appear during the reconnection between L1 and L2. We
noticed a Hα brightening between L1 and L2. (ii) Location of
the X-ray sources suggests the particle acceleration/precipitation
site above and between N1 and P1. (iii) A rapid photospheric
flux cancellation between P1 and N1 during the interaction is
a strong evidence of reconnection between the chromospheric
loops.
The rotation in the counterclockwise direction indicates a
left-handed flux rope. The strands in the flux rope confirm the
left-handed twist. The clockwise rotation of N1 increases the
right-handed twist, whereas the counterclockwise rotation of P2
adds the left-handed twist in the coronal flux rooted in these
spots. The Hα images indicate left-handed flux in the formed
flux rope, which suggests a more dominant role of the rotation
of P2. Moreover, P2 contains more magnetic flux than N1.
Yurchyshyn et al. (2001) reported one hour long flux can-
cellation in the sunspot moat proceeding at a rate of 3×1019
Mx h−1. They interpreted the cancellation to be due to photo-
spheric reconnection between small flux elements and noted its
possible connection to flares. Here we observed flux cancella-
tion between two small sunspots not only during the flare but
also 15-20 min before the C2.3 flare. In our case, the total abso-
lute flux cancellation rate is ∼3.44×1020 Mx h−1, which is almost
10 times larger than that reported by Yurchyshyn et al. (2001).
Green et al. (2011) reported cancellation of total unsigned flux
of ∼1.17×1021 Mx) at PIL in a decaying AR during ∼2.5 days
preceding a CME and suggested that the major flux cancellation
was responsible for the formation of a S-shaped sigmoid/flux
rope (prior to the eruption). However, here we observed rapid
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(a)
(b)
B6.0 C2.3
total
positive
negative
1-8 Å
(c) (d) (e) (f)
Fig. 10. (a) HMI magnetogram of the active region NOAA 12353. (b) Positive (red), absolute negative (blue), and total (black) flux
profiles extracted from the rectangular box (red) region shown in the left panel. GOES soft X-ray flux profile in 1-8 Å channel
is also plotted with negative flux profile. The vertical dashed lines indicate the B6.0 and C2.3 flares duration. (c-f) Selected HMI
magnetograms of the flare site showing flux cancellation (within blue rectangular box). The x- and y axes are labeled in arcsecs. The
shear motion and rapid flux cancellation between N1 and P1 is shown in the HMI magnetograms movie (bottom panels) available
in the online edition.
flux cancellation (total unsigned flux∼1.7×1020 Mx) within only
∼20 min which is much faster (but smaller) than that observed
by Green et al. (2011). Therefore, we relate the rapid/major flux
cancellation with the formation of the flux rope. This much rapid
flux cancellation is hardly observed before. In addition, the mag-
netic flux in interplanetary magnetic clouds lies between 1020
Mx to 1022 Mx (Qiu et al. 2007). Here we observed a small flux
rope (not a large-scale flux rope). Therefore, the magnetic flux
associated with the rope may be of the order of 1020 Mx (lower
limit).
Without the use of high-resolution NST images, AIA ob-
servations could have been interpreted as activation of a pre-
existing flux rope which is heated during the first B6.0 flare and
trying to erupt during the second C2.3 flare. However, we do
not see any pre-existing filament/flux rope before the onset of
the first B6.0 flare. We only observe a system of cool chromo-
spheric loops (connecting P1 and N3) in the AIA 304, 171 Å, and
labeled L2 in the NST Hα images. We are able to see clear inter-
action of cool loops at the PIL and the development of a twisted
flux rope associated with a rapid flux cancellation and therefore
we suggests that the flux rope was most likely developed/formed
via magnetic reconnection of the loops associated with N1 and
P1 sunspots. This result supports the previous report of the for-
mation of a S-shaped flux rope via chromospheric reconnection
(Kumar et al. 2015). However, we did not observe such fast flux
cancellation in our previous studies. In the tether cutting recon-
nection model (Moore et al. 2001), the reconnection between the
sheared arcade loops (in the corona) results in the formation of a
coronal flux rope. Here we report the reconnection between the
cool Hα loops in the choromosphere that forms a flux rope.
The dynamic radio spectrum (25-180 MHz) observed at
Sagamore Hill1 radio station does not show any radio signa-
tures during both flares. No type III radio burst was observed
during both flares which suggests the absence of particle accel-
eration into the interplanetary medium along the open field lines.
Most of the accelerated particles were confined along the closed
loops within the AR. A part of accelerated electrons most likely
followed the closed field lines that led to their precipitation at
the opposite footpoint of the reconnecting twisted loop. This re-
sulted in chromospheric evaporation and heating of the loops up
to ∼10 MK temperature.
Since the height (projected) of the overlying arcades in 171
Å channel is more than the flux rope height (∼25-30 Mm) during
the C2.3 flare. In addition, the threshold value of the decay index
above the PIL (1.5) could be achieved at a height of ∼120 Mm.
1 http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-
features/solar-radio/
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(a) (b) (c)
Fig. 11. NST TiO (7057 Å ) images overlaid by HMI magnetogram contours of positive (white) and negative (black) polarities. The
contour levels are ±200 and ±500 Gauss. Flux cancellation and shrinkage of negative polarity sunspot are marked by arrows. The
x- and y axes are labeled in arcsecs.
(b)
Fig. 12. (a) Potential field extrapolation of the AR using HMI magnetogram at 16:48:38 UT. The closed and open field lines are
shown in blue and white colors, respectively. (b) Variation of the decay index with respect to height (Mm) above the PIL. The red
horizontal dashed line indicates the threshold value of the decay index (1.5) at the height of ∼120 Mm (blue vertical dashed line).
Therefore, the flux rope did not attain the height of torus insta-
bility. In Kumar & Cho (2014), a kinked small filament reached
a height of ∼60 Mm, and was unable to erupt due to the inter-
action with overlying arcade loops. In addition, if the flux rope
is very small, the total energy of the rope may not be sufficient
to overcome/open the overlying field and could show a counter-
clockwise rotation within the overlying arcade loops. After the
twist release, the plasma is drained back to the solar surface.
The RHESSI X-ray sources (6-12 keV and 12-25 keV) do
not show any significant motion during the flare, i.e., particle ac-
celeration or energy release site remains stationary (between P1
and N1) during the flare. In addition, the RHESSI X-ray source
(6-12 keV) was located above the sunspots P1 and N1, which is
consistent with the intensity oscillation site observed in the EUV
channels (1600 and 304 Å). During the second C2.3 flare, we ob-
served the cancellation of elongated penumbral field (see the TiO
images) between N1 and P1. The footpoint of the loop L1 was
rooted in the penumbral field of positive polarity P1. Both flares
reveal the oscillatory behaviour in the X-ray/EUV flux profiles
that most likely indicate the occurrence of repeated reconnection
by the loop’s coalescence between sunspot P1 and N1.
Previous observations of reconnection between loops in the
chromosphere showed the standard flare reconnection in a cur-
rent sheet below erupting flux (Yang et al. 2015; Xue et al. 2016),
while here the process of tether-cutting and flux rope formation
was observed for the first time in the chromosphere.
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In conclusion, we have reported the direct observations of re-
connection between chromospheric loops associated with rapid
flux cancellation and flux rope formation with counterclockwise
rotation. The hot flux ropes (observed in the AIA 131 and 94
Å) are generally formed by reconnection among the coronal
loops (e.g, Kumar & Cho 2014). Here, we reported the forma-
tion of a cool flux rope (Hα, AIA 304 and 171 Å) by multiple
reconnection between the chromospheric loops. These observa-
tions support the model of flux rope formation proposed by van
Ballegooijen & Martens (1989). Such a clear loop’s coalescence
associated with flux rope formation in a short interval (∼30 min-
utes) is not reported before. Future multiwavelength studies with
high-resolution observations (NST along with IRIS and SDO)
will shed more light on the issues related to the flux rope forma-
tion/eruption.
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